phosphorylation is dependent on the typA gene [4]. Analysis of amino acid sequence similarities classify the bacterial UspA proteins as members of the "universal stress protein (USP) domain" family (e.g., Pfam ac-Summary cession number PF00582 [5]), a conserved domain of approximately 140-160 residues. Five E. coli proteins Background: The universal stress protein UspA is a (one of which has two tandem USP domains) are memsmall cytoplasmic bacterial protein whose expression bers of this family. However, in no case has a biochemiis enhanced several-fold when cellular viability is chalcal function been identified for any of the E. coli or other lenged with heat shock, nutrient starvation, stress bacterial USP proteins, and the UspA protein is the only agents which arrest cell growth, or DNA-damaging agents. one for which expression has been correlated with a UspA enhances the rate of cell survival during prolonged specific biological state in the cell. A protein from a exposure to such conditions, suggesting that it asserts thermophilic archaeon, the product of the MJ0577 gene a general "stress endurance" activity. However, neither of Methanococcus jannaschi, also belongs to the USP the structure of UspA nor the biochemical mechanism family. The structure of MJ0577 has been solved [6]; it by which it protects cells from the broad spectrum of revealed an ␣/␤ protomer fold, and surprisingly, a tightly stress agents is known.
subunits are related by a 180Њ (two-fold) rotation when
The other major difference between subunits is at the dimer interface, where helix ␣4 is partially "unraveled" in the common structural elements (shown in yellow in Figure 3a ) are superimposed; however, the subunits dif-one subunit, as compared to the other. The two peptide traces diverge at His110, which appears to be a swivel fer significantly in conformation in two segments of polypeptide (shown in green versus magenta in Figure 3a) , point. On subunit A, residues 115-129 form a helix, while on subunit B, residues 111-120 are in a helical conforma-with the consequence that the dimers are notably asymmetric. One difference arises in the polypeptide segment tion; the polypeptide paths subsequently converge at residue 128. In contrast to the loops at the periphery of between ␤ strand ␤2 and helix ␣2, residues 41-63. This segment is flexible; in three of the four subunits, some the dimer, this region of the molecule is well ordered; the average B factor is 26 Å 2 . The computed buried residues could not be unambiguously placed in the model, and the residues that were placed have an aver-surface area between protomers in the A-B dimer is ‫0032ف‬ Å 2 ; between protomers of the C-D dimer, ‫0022ف‬ age B factor of 47 Å 2 . The differences we see between subunits in this region is likely to be due to inherent Å 2 . Both dimers have a similarly asymmetric interface between subunits, even though the crystal packing envi-conformational heterogeneity of this segment of polypeptide.
ronments of the two dimers are different. 
The major differences in subunit conformation occur or (2) it is symmetric in solution but the dimer interface can readily be distorted through interactions with other in regions of the molecule that are involved in intermolecular crystal packing contacts. It is possible that the proteins] is related to the molecular function of UspA is a question which deserves further examination. asymmetry between subunits is induced by crystallization and that the dimer is symmetric in solution. Model building reveals that it is possible to build a symmetric
UspA Is Similar to MJ0577 UspA is similar in protomer fold and dimer assembly to dimer with subunits in the B conformation, (although not in the A conformation, due to the steric clash that would the gene product MJ0577 of M. jannaschi [6] . The MJ0577 protomer is a parallel ␣/␤ structure with five ␤ result between helices ␣4 of the two subunits); a symmetric dimer is sterically permissible. Whether either of strands; the UspA protomer has a similar structural core but differs somewhat by having a sixth, short, antiparal-two alternative models for the asymmetry [i.e., either (1) UspA forms an intrinsically asymmetric dimer in solution, lel ␤ strand on the edge of the sheet distal to the dimer those which do not. Although the consensus sequence Two of the regions where the two proteins differ subfor ATP binding has not been defined, consideration of stantially in structure are (1) the ATP binding pocket of the observed interactions of the triphosphate binding MJ0577 near the dimer interface, specifically the triloop of MJ0577 in the context of structure-based sephosphate binding loop, and (2) helix ␣2 and the conquence alignments suggests that one essential feature necting polypeptide distal to the dimer interface. MJ0577 is a G-2X-G-9X-G(S/T) motif, i.e., three glycines sepahas an extended helix, while the ␣2 helix of UspA is rated by two and nine residues in sequence and a hymuch shorter and follows a segment of polypeptide that droxyl of a serine or threonine following the last glycine is more intimately associated with the core structure (in some cases, asparagine follows the last glycine, sugof the subunit. These segments correspond to regions gesting some flexibility in this latter constraint). A large where the sequence alignment shows insertions or delefraction of the proteins that have been classified as tions (Figure 4) 
ATP was not included during the purification or crystalli-

and also to the regions where the individmembers of the universal stress protein family (e.g., ual protomers within the UspA dimer differ from each Pfam accession number PF00582 [5]) have this consenother. sus set of glycines, while another subset, including UspA UspA shares no structural identity with human serum of H. influenzae and E. coli, does not. This suggests that response factor [7] or Mef2A [8], transcription factors members of this sequence family will be segregated on of the MADS-box protein family, despite a prediction
whether or not they bind ATP; by implication, they are based on sequence similarity that the first ‫04ف‬ residues likely to have diverged to carry out two or more (as yet of UspA would be similar to the extended DNA binding unknown) biological functions, one of which is ATPhelix of these proteins [9]. Additionally, we find no obvidependent and one of which is not. ous similarity in structure to any other known DNA binding motifs.
Biological Implications UspA Does Not Bind ATP in the Crystal
The universal stress protein UspA has been identified One notable feature that was first revealed by the crystal structure of MJ0577 is that it binds ATP tightly. Although in E. coli as a protein whose expression level is elevated 
and which is phosphorylated as cells enter a stationary molecules with which it interacts in the cell been identified (other than the kinase that phosphorylates it). How growth state. Absence of UspA substantially reduces cell survival rates during exposure to heat shock, nutri-UspA protects bacterial cells against a broad spectrum of deleterious conditions is unknown. ent starvation, agents which impede cell growth, and DNA-damaging agents; UspA functions as a general
The crystal structure of the H. influenzae UspA, which shares 68% sequence identity with the E. coli homolog, "stress endurance" factor. However, no specific biochemical activity has been identified for UspA, nor have reveals a tertiary fold and dimer assembly similar to that [14]. An anomalous difference Patterson map was computed in the resolution range 15-3.0 Å using data measured at the absorption mM Tris-HCl [pH 7.5]). The flow was stopped, and the column was incubated overnight at 4ЊC to allow self-cleavage of the UspA-intein peak wavelength of the SeMet-UspA crystal. An automated Patterson search identified ten candidate selenium sites (out of a poten-fusion. The UspA was eluted with 2 column volumes of cleavage buffer, concentrated to 5 ml, and loaded onto a Superdex 75 column tial 24), which were used to calculate initial phases using the Philips-Hodgson method and maximum likelihood refinement of CNS. Two (Pharmacia) equilibrated with 200 mM NaCl, 0.1 mM EDTA, and 20 mM HEPES-K ϩ (pH 7.0). UspA protein eluted with an apparent additional selenium sites were identified in an anomalous difference Fourier map using these initial phases. A final round of maximum molecular weight of 34.5 kDa, corresponding to a dimer (Figure 2) . The protein was concentrated and stored in 10 mM HEPES-K ϩ (pH likelihood refinement of the 12 selenium sites and phase calculation were carried out to 2.2 Å resolution ( Table 1 ). The phases were then 7.0). The final product consists of the full-length H. influenzae UspA plus an additional Pro-Gly dipeptide at the carboxy terminus, which modified by solvent flipping and histogram matching as implemented in CNS. The resulting electron density map was readily is a consequence of using the XmaI restriction site in the cloning procedure.
interpretable without the use of noncrystallographic symmetry averaging ( Figure 5) , and an initial model including four copies of UspA For the preparation of selenomethionine-labeled UspA (SeMet-UspA), a protocol for metabolic inhibition of methionine synthesis was built using the program O [15, 16]. In all four chains, the polypep-
